Abstract The medial septum and diagonal band of Broca (MSDB) influence hippocampal function through cholinergic, GABAergic, and glutamatergic septohippocampal neurons. Non-selective damage of the MSDB or intraseptal scopolamine impairs classical conditioning of the eyeblink response (CCER). Scopolamine preferentially inhibits GABAergic MSDB neurons suggesting that these neurons may be an important modulator of delay CCER, a form of CCER not dependent on the hippocampus. The current study directly examined the importance of GABAergic MSDB neurons in acquisition of delay CCER. Adult male Sprague-Dawley rats received either a sham (PBS) or GABAergic MSDB lesion using GAT1-saporin (SAP). Rats were given two consecutive days of delay eyeblink conditioning with 100 conditioned stimulus-unconditioned stimulus paired trials. Intraseptal GAT1-SAP impaired acquisition of CCER. The impairment was observed on the first day with sham and lesion groups reaching similar performance by the end of the second day. Our results provide evidence that GABAergic MSDB neurons are an important modulator of delay CCER. The pathways by which MSDB neurons influence the neural circuits necessary for delay CCER are discussed.
Introduction
The medial septum and vertical limb of the diagonal band of Broca (MSDB) are important for learning and memory; lesions of the MSDB impair performance on a variety of learning and memory tasks (Kesner et al. 1986 ). Inactivation of the MSDB neurons has effects similar to lesions (Givens and Olton 1990; Mizumori et al. 1990) . Given the strong connections between the MSDB and hippocampus, damage of the hippocampus generally produces similar effects to MSDB dysfunction (Gray and McNaughton 1983) . However, damage of the two structures can lead to divergent results in some tasks, and delay eyeblink conditioning is an example. Understanding the reasons for the differential effects can provide important information regarding the relationship between MSDB and its target regions, both hippocampal and non-hippocampal.
Damage to the MSDB, but not the hippocampus, impairs the delay paradigm of classical conditioning of the eyeblink response (CCER). CCER is a simple form of associative learning where a neutral stimulus (conditioned stimulus, CS) is paired with a reflex-eliciting stimulus to the periorbital muscles (unconditioned stimulus, US). In the delay paradigm of CCER, CS and US co-terminate, and the neural circuit that is necessary and sufficient involves brainstem and cerebellar nuclei (Thompson 1986; Lavond et al. 1993; Raymond et al. 1996) . Damage of the hippocampus either has no effect or facilitates acquisition of delay CCER (Schmaltz and Theios 1972; Solomon and Moore 1975; Akase et al. 1989; Shohamy et al. 2000; Beylin et al. 2001; Lee and Kim 2004) . In contrast, damage of the MSDB slows the acquisition of delay CCER (Moore et al. 1976; Berry and Thompson 1979; Solomon and Gottfried 1981; Solomon et al. 1983; Allen et al. 2002; Salvatierra and Berry 1989; Lockhart and Moore 1975) .
The septohippocampal pathway is composed of axons from a heterogeneous population of neurons. The MSDB contains cholinergic, GABAergic, glutamatergic, and peptidergic neurons (Amaral and Kurz 1985; Sotty et al. 2003; Freund and Antal 1988; Gulyas et al. 1990 ). Cholinergic MSDB neurons are projection cells that send axons to both the principle cells and interneurons within the hippocampus (Frotscher and Leranth 1985) . In fact, cholinergic MSDB neurons are the predominant source of acetylcholine (ACh) in the hippocampus (Mesulam et al. 1983) . The MSDB GABAergic population is composed of distinct subtypes. GABAergic projection cells send terminals to the hippocampus and contain the calcium binding protein parvalbumin (PV) (Freund 1989 ). In addition, GABAergic interneurons make synaptic contacts with other MSDB neurons, including cholinergic neurons (Freund and Antal 1988) . Less is known about the local circuitry of glutamatergic MSDB neurons; it has been suggested that they are both projection and interneurons (Gritti et al. 2006; Manseau et al. 2005) . With regard to learning and memory, cholinergic neurons have been studied for many years (see Parent and Baxter 2004 for a review), but investigation of the function of GABAergic and glutamatergic MSDB neurons is in its infancy.
GABAergic MSDB neurons may be an important modulator of delay CCER. Intraseptal scopolamine, a muscarinic cholinergic antagonist, impairs delay CCER similar to MSDB lesions (Solomon and Gottfried 1981) . Moreover, scopolamine preferentially inhibits GABAergic more than cholinergic MSDB neurons Alreja et al. 2000) . Therefore, the indirect evidence suggests that loss of GABAergic MSDB neurons would impair acquisition of delay CCER.
We have recently used a novel GABAergic immunotoxin to examine the function of GABAergic MSDB neurons; GAT1-saporin (GAT1-SAP) combines a rabbit polyclonal antibody to the GABA-transporter-1 with the ribosomal toxin saporin. When administered into the MSDB, GAT1-SAP reduces the number of PV-immunoreactive (ir) GABAergic neurons while sparing cholinergic neurons (Pang et al. 2011; Koppen et al. 2012) . In the present study, we used intraseptal GAT1-SAP to directly test the importance of GABAergic MSDB neurons in delay CCER.
Methods

Subjects
Male Sprague Dawley rats were obtained from Charles River (Wilmington, DE) and housed individually with free access to food and water. They were maintained on a 12-h photoperiod with the onset of light at 0700 h. Rats were kept under these conditions for 3 weeks before the study began, and weighed an average of 375 g at the start of the study.
Surgery
Rats were weighed and randomly assigned to receive either phosphate-buffered saline (PBS) or GAT1-SAP into the MSDB. Rats were anesthetized with a Ketamine (80 mg/kg)/ xylazine (10 mg/kg) mixture (i.p., supplemented as necessary). With a level skull, PBS (0.1 M) or GAT1-SAP (Advanced Targeting Systems, 0.325 lg/ll in PBS) was administered into the MS (0.6 mm posterior to bregma, 1.5 mm lateral to midline, 6.6 mm ventral to brain surface, needle angled 15°toward midline; 0.5 ll) and each DB (0.6 mm posterior to bregma, ±0.5 mm lateral to midline, 7.8 mm ventral to brain surface; 0.4 ll). PBS and GAT1-SAP were injected at a rate of 0.1 ll/min. After each injection, GAT1-SAP or PBS was allowed to diffuse 5 min before removal of the syringe needle. Rats were allowed at least 2 weeks recovery before eyeblink electrode implantation.
All rats were prepared for recording eyelid electromyography (EMG) signals and delivery of electrical stimulation to the periorbital muscles (Servatius 2000) . Rats were anesthetized with a Ketamine (80 mg/kg)/xylazine (10 mg/ kg) mixture (i.p., supplemented as necessary) and then fitted with a head-stage containing four Teflon-coated stainless steel wires (A-M Systems, 75 lm diameter). The wires were threaded subcutaneously and emerged through the eyelid. Two wires were used to record eyelid EMG and the other two wires delivered electrical stimulation. Animals were allowed at least 72 h to recover before eyelid conditioning commenced.
Apparatus
Eyelid conditioning was conducted in a 27 cm 9 29 cm 9 43 cm sound-attenuating test chamber (Med Associates, St. Albans, VT). The EMG electrodes were connected to a differential AC amplifier equipped with a 300-500 Hz bandpass filter (A-M Systems Model 1700, Everett, WA). Signals were amplified 10,000X, digitized at a 1,000 Hz-sampling rate (National Instruments, Austin, TX, USA), and recorded on a computer. A program written in LabVIEW (National Instruments) controlled the timing of the EMG recordings and stimulus presentations. The conditioned stimulus (CS) was a 500-ms, 82-dB white noise pulse with a rise/fall of 10 ms. The unconditioned stimulus (US) was a 10-ms, 10-V square-wave stimulus (Bioelectric Stimulus Isolator, Coulbourn Instruments, Whitehall, PA, USA) delivered to the periorbital muscle.
Eyeblink conditioning
Rats were conditioned in four identically constructed chambers at the same time, two rats from each treatment group (PBS and GAT1-SAP). Initially, rats were acclimated to the experimental apparatus for 30 min and their EMG signals evaluated to determine signal quality. All rats were trained on a delay CCER paradigm for two consecutive sessions. The delay CCER training consisted of 100 trials of paired CS-US presentations with CS and US co-terminating. The intertrial interval (ITI) was 25-35 s with an average of 30 s.
Data processing and statistics
Only animals with accurate placement of GABAergic MSDB lesions were included in the final data analysis. All EMG data were analyzed on a trial-by-trial basis and only animals with reliable recordings across both days of training were included in the final data analysis. The EMG data were analyzed as described previously (Servatius 2000) . The 250 ms period prior to the CS was treated as a baseline. A confidence threshold was established for each trial as the sum of the maximum baseline EMG and four times the standard deviation of the baseline; EMG activity in the response windows that exceeded this value was an otherwise rare event and indicative of an eyeblink response. An eyeblink was recorded when EMG activity between CS and US onsets exceeded the threshold (Servatius 2000) . Responses during the first 30 ms of the CS onset were treated as orienting responses (ORs) and were not reported as CRs (eyeblinks elicited during the remainder of the CS period). ORs rarely occurred in our preparation because of the gradual rise/fall of the acoustic CS. Performance was assessed as probability of a CR being elicited for a block of 20 trials.
All statistical analyses were performed using SPSS for Windows (version 12.0.1, SPSS, Chicago, IL, USA) with a = 0.05. Mixed design analyses of variance (ANOVA) were used to analyze the data. F tests for simple effects were used for post hoc analyses. Planned comparisons were made to assess performance during each acquisition session. All data are expressed as mean ± standard error of the mean.
Histology and immunocytochemistry
At the end of behavioral testing, rats were perfused intracardially with saline followed by 10 % formalin. Brains were extracted, immersed overnight in formalin followed by 30 % sucrose. Brains were sectioned (50 lm) through the MSDB. Sections were incubated in antibodies to choline acetyltransferase (ChAT; 1:500 dilution, AB144P, Chemicon International, Temecula, CA, USA) and parvalbumin (PV; 1:1,000 dilution, P3088, Sigma Immunochemicals, St. Louis, MO, USA) for 16 h at 25°C, then in the appropriate biotinylated secondary antibodies (1:200 dilution, Jackson Immuno-Research Laboratory) for 2 h at 25°C. Visualization was performed using the avidin-biotin method (Standard Vectastain ABC Kit, Vector Laboratory, Burlingame, CA, USA) with nickel-enhanced diaminobenzidine (Horikawa and Armstrong 1988) .
Unbiased stereology
The number of ChAT-ir and PV-ir MSDB neurons was estimated using standard stereology procedures (West 1999) . Every third section of the entire MSDB was counted from the anterior pole of the MS to the crossing of the anterior commissure and included the MS, vertical limb of the DB, and portions of the horizontal limb of the DB. Stereology was performed by a person blind to the treatment of the rats, using the optical fractionator method (Stereo Investigator v.7.0, MicroBrightField, Colchester, VT, USA) on a microscope with an x-, y-, and z-axis motorized stage (Bio Point 30, Ludl Electronic Products, Hawthorne, NY, USA). Leading edges of ChAT-ir or PV-ir somas were counted using a 409 objective lens (Carl Zeiss, NeoFluar, 0.75 NA). Cells in the uppermost focal plane (2 lm) were not counted. The counting frame and grid size were 75 lm 9 100 lm and 150 lm 9 200 lm, respectively. Numbers of cells in the PBS and GAT1-SAP groups were compared using separate independent sample t-tests for each neuronal type and all data are expressed as mean ± standard error of the mean.
Results
Histology
Six rats in each treatment condition were randomly selected for stereological analysis. Representative PV-ir and ChAT-ir sections from both groups can be seen in Fig. 1a . Intraseptal GAT1-SAP reduced PV-ir GABAergic but not ChAT-ir neurons in the MSDB (Fig. 1b) . GAT1-SAP reduced the number of PV-ir MSDB neurons by 75 % (PBS 4,650 ± 540; GAT1-SAP 1,129 ± 234; t [10] = 5.98, p \ 0.0001). In contrast, the reduction of ChAT-ir cells was not significant (PBS 6,290 ± 784; GAT1-SAP 6,093 ± 682; t [10] = 0.19). Thus, GAT1-SAP when infused into the MSDB selectively damaged PV-ir GABAergic MSDB neurons and spared cholinergic MSDB neurons.
Delay eyeblink conditioning
Intraseptal GAT1-SAP retarded acquisition of delay CCER (PBS: N = 13; GAT1-SAP: N = 14; Fig. 2 ). The percentage of conditioned responses (CR) was analyzed in a 2 9 2 9 5 (treatment 9 session 9 trial block) ANOVA. Koppen et al. 2012) and BNST (Radley et al. 2009 ). GAT1-SAP at the same dose used in the current study reduced PV-ir and GAD67-ir MSDB neurons to similar degrees (Pang et al. 2011) , evidence that GAT1-SAP does not selectively target the hippocampal projecting PV-ir GABAergic neurons. Intraseptal GAT1-SAP treatment slowed the acquisition of delay CCER. While the overall analysis suggested a general impairment of delay CCER acquisition, visualization of the results suggests that the effects of intraseptal GAT1-SAP were predominantly during the first session with both treatment groups reaching similar performance by the end of the second acquisition session. This observation was supported by the trend of the treatment 9 session 9 trials interaction toward significance and the planned comparison analysis. This result provides the first direct evidence that MSDB GABAergic neurons importantly modulate delay CCER, a task that is not dependent on the hippocampus (Schmaltz and Theios 1972; Solomon and Gottfried 1981) . Moreover, these neurons may be essential to the effects of scopolamine on delay CCER (Solomon et al. 1983) , as scopolamine preferentially inhibits MSDB GABAergic compared to cholinergic neurons Wu et al. 2000) .
While it is possible that intraseptal GAT1-SAP impairs delay CCER via cholinergic MSDB neurons, we think this mechanism is unlikely. GAT1-SAP did not alter the number of ChAT-ir neurons in the MSDB. Damage to GABAergic MSDB neurons with GAT1-SAP did not alter basal or exploration evoked hippocampal ACh release (unpublished observations). Moreover, the muscarinic antagonist scopolamine did not impair delay CCER when administered into the hippocampus, the target of cholinergic MSDB neurons (Solomon and Gottfried 1981) . Thus, cholinergic MSDB neurons are unlikely to be involved in the effects of intraseptal GAT1-SAP on acquisition of delay CCER.
Intraseptal GAT1-SAP could interfere with acquisition of delay CCER by disrupting hippocampal activity and enhancing ''noise'' within the hippocampus. Systemic scopolamine impairs delay CCER and hippocampal lesions abolish this effect of scopolamine (Solomon et al. 1983) . Manipulations that interfere with normal hippocampal activity also impair CCER (Salafia et al. 1977; Berger et al. 1980) . These results suggest that abnormal activity is more detrimental to learning CCER than not having a hippocampus (Solomon and Gottfried 1981; Solomon et al. 1983) .
One way that damage of GABAergic MSDB neurons alters hippocampal activity is to attenuate hippocampal theta rhythm. The presence of hippocampal theta rhythm facilitates the acquisition of delay CCER. In rabbits, hippocampal theta is predictive of faster delay CCER acquisition (Berry and Thompson 1978) . Furthermore, pairing CS and US when hippocampal theta rhythm is present facilitates acquisition compared to CS-US pairing when theta rhythm is not present Seager et al. 2002; Nokia et al. 2008; Asaka et al. 2005) . Preferential damage of MSDB GABAergic neurons with intraseptal kainic acid eliminates type II theta rhythm and attenuates type I theta rhythm (Yoder and Pang 2005) . Intraseptal GAT1-SAP likely does the same (unpublished observations) as GABAergic septohippocampal neurons are the pacemaker for hippocampal theta rhythm (Borhegyi et al. 2004; Simon et al. 2006; Brazhnik and Fox 1999) .
However, if hippocampal theta rhythm were important for acquisition of delay CCER, it is unclear why hippocampal lesions do not show a similar retardation of acquisition as CS-US pairings during non-theta periods. It is possible that hippocampal theta rhythm is not the critical influence on CCER acquisition, but that activity or oscillatory rhythm in another brain region that may be correlated with hippocampal theta rhythm is the important factor. Theta rhythm in the cerebellum can synchronize with hippocampal theta rhythm (Hoffmann and Berry 2009; Wikgren et al. 2010) ; CS-US pairings during cerebellar theta facilitates acquisition of CCER similar to that seen for hippocampal theta rhythm (Berry and Hoffmann 2011; Nokia et al. 2008; Green and Arenos 2007) . At present, the influence of MSDB neurons on cerebellar theta rhythm is unknown, nor is the pathway by which this modulation might occur.
The MSDB could also modulate acquisition of delay CCER via non-hippocampal targets. Neurons of the medial septum make direct connections to the central nucleus of the amygdala (Volz et al. 1990; Russchen 1982 ) and the central nucleus of the amygdala projects to brain stem areas essential for the CCER (Hopkins and Holstege 1978; Whalen and Kapp 1991; Harvey et al. 1984) . Amygdala lesions significantly slow the rate of CR acquisition depending on the conditioning parameters (Weisz et al. 1992) . However, damage of the amygdala reduces the asymptotic level of learning (Blankenship et al. 2005 ; Sakamoto and Endo 2010), as it likely reduces the appreciation of the US (Christian and Thompson 2003; Whalen and Kapp 1991) . This is a different pattern than obtained in the present study where intraseptal GAT1-SAP treated animals eventually reached the same level of performance as shamlesioned animals, during the second session. Thus, GABAergic MSDB lesions are unlikely to modify the acquisition of delay CCER through modulation of the amygdala.
The medial portion of the horizontal diagonal band of Broca projects to the medial prefrontal cortex (mPFC) (Gaykema et al. 1990 ) and lesions of the mPFC impair acquisition of delay CCER (Wu et al. 2012; Powell et al. 2005) . The pattern of impairment following mPFC lesions is similar to those observed in the present study, a slowed acquisition that eventually reaches the same performance of sham lesions. However, the region of the diagonal band of Broca that projects to the mPFC is more posterior than our injection sites. Still, GAT1-SAP may impair axons projecting anteriorly to the mPFC.
In summary, intraseptal GAT1-SAP preferentially destroyed GABAergic MSDB neurons while leaving cholinergic MSDB neurons intact. Damage of GABAergic MSDB neurons impaired the initial acquisition of the conditioned eyeblink response, but did not prevent the acquisition of CCER as treated animals were able to acquire the delay eyeblink conditioned response to the same level as PBS-treated sham animals. Thus, GABAergic MSDB neurons are important for the initial stages of classical conditioning. The exact targets by which GABAergic MSDB neurons modulate classical conditioning still need to be determined.
